Supplying fresh water has become an important environmental and economic issue. Desalination with reverse osmosis (RO) represents an effective solution to meet the challenges of cleaning brackish water and seawater for drinking and industrial purposes. The principal problem of RO plant operation is the precipitation of low soluble salts (scaling). There are some well-known techniques to reduce scaling; one of the most widespread is antiscalant dosing. In this study, 11 samples of new prototype chemicals based on co-polymers of acrylic and methacrylic acids, polyaspartic acid, maleic anhydride and different cross-linking agents is tested. A wide range of commercial phosphorusbased and green inhibitors were used as reference antiscalants. The testing procedure included circulation experiments on a RO laboratory unit with continuous concentration of feed water -tap water and model solution with elevated hardness. The amount of calcium carbonate accumulated in the membrane module was determined and the inhibitor efficiency was calculated. The best results were obtained for scale inhibitors based on polyaspartic and (poly)acrylic acids. The most promising was the reagent based on a mixture of polyaspartate and nitrilotrimethylphosphonic acid.
INTRODUCTION
A serious environmental problem connected to the eutrophication of water bodies appears with the discharging of reverse osmosis (RO) plant concentrates into surface reservoirs. Wastewater discharge containing phosphonic acid or phosphonate functional groups from conventional antiscalants are regulated by special standards; at the same time, requirements for admissible content of phosphates in drains are constantly becoming tougher. This forces scaleinhibitor chemistry to move toward 'green' antiscalants that do not contain phosphates and other nutrients, as well as being biodegradable in the natural environment.
The application of these inhibitors should be economically attractive for implementation in water treatment. A wide number of polymers and co-polymers are used for water pretreatment before desalination by RO. These chemicals can be classified into the following groups:
1. Polyphosphates (sodium triphosphate, etc.).
Phosphonates (HEDP, aminomethylene phosphonic
acids, polyethylenepolyamine-N-methylphosphonic acids, 2-phosphonobutane 1,2,4-tricarboxylic acid, etc.).
3. Acrylic/maleic based polymers (polyacrylic acid, polymethacrylic acid, polyethyl methacrylate, polyisobutyl methacryalte, polymaleic acid, polymethyl methacrylate, co-polymer of maleic anhydride and methacrylic acid, etc.).
The most promising biodegradable polymers are currently based on polyaspartic acid (Hasson et al. ) . They are also used for sludge formation, corrosion inhibition and water softening. Poly(aspartic acid) does not contain nitrogen and phosphorus, and is sufficiently biodegradable (Thombre & 
MATERIALS AND METHODS
The study was divided into two stages. The goal of the first stage was to find the best composition of newly synthesized 'green' inhibitors with a complex molecular composition. Table 1 .
Membrane scaling tests were carried out using a com- In all samples, the following were determined: temperature, total dissolved solids (TDS) (conductivity), pH, total hardness, total alkalinity, and calcium. Conductivity and temperature were tested by a laboratory conductivity meter
Cond 730 (WTW inoLab ® ); pH value -using a laboratory pH meter HI 2215 (Hanna Instruments); total alkalinityby titration with HCl; and total hardness and calcium -by complexometric EDTA titration.
To restore the membrane element's productivity and to remove accumulated precipitation, chemical washing was
conducted between experiments using a 2% solution of citric acid.
The transmembrane pressure was maintained at 7 bar for tap water in the first stage of the experiment, and at 16 bar for the imitation of hard water in the second stage.
The amount of CaCO 3 and CaSO 4 scale accumulated in the membrane module was calculated as the difference between the initial amount of calcium in the feed solution and the sum of the amount of calcium in the concentrate (circulating solution) and permeate (Pervov ) . This difference was calculated for concentration ratios of 2, 3, and 5. The total hardness and total alkalinity were determined to control the determination of the other parameters: Inhibitors were tested using varying dosage levels, but the 6 -pressure-gauge; 7 -feed water rotameter; 8 -permeate rotameter; 9 -concentrate rotameter; 10 -bypass adjusting valve; 11, 13 -feed water adjusting valve; 12 -concentrate adjusting valve; 14 -cooling water adjusting valve; 15 -sampler.
control dosage for comparison and evaluation was 5 mg/L.
Summary results of antiscalant efficiency are listed in Table 2 .
The shape of the obtained relationships of accumulated scale on concentration ratio indicates that at relatively low water hardness (equal to 7-8 mEq/L for concentration ratios of up to 3) the performance of antiscalants at low concentrations is close to that for higher concentrations.
However, with further increase in the concentration ratio (and the hardness of the circulating solution up to 12-14 mEq/L) the mass of accumulated scale becomes inversely proportional to the antiscalant concentration.
For the second stage, the investigated antiscalants can be arranged in descending order of effectiveness: 
This sequence is different from the one that was obtained by the NACE methodology (Popov et al. ) .
This could be foreseen taking into account that the operating conditions of the same inhibitor distinguish significantly depending on the degree of solution supersaturation.
Summary results of antiscalant efficiency of the second stage inhibitors are listed in Table 3 . This sequence and the data of Table 3 Comparing the first and second stages, it is possible to see lower total inhibitor efficiency in the first one. The extended derivative structure of the newly developed copolymers and water with less hardness has no influence on the final result. However, the co-polymer of maleic anhydride and methacrylc acid and co-polymer of maleic and acrylic acid achieved superior performance in both stages.
CONCLUSIONS
The latest trend in RO pretreatment is the development of 'green' antiscalants, low in phosphorus and biodegradable. The accuracy of the inhibitor efficiency calculations is to within 5%.
best results at typical doses of about 5 mg/L were for scale inhibitors based on polyaspartic and (poly)acrylic acids. Protection of the environment, energy cost reduction and increasing product outcome will be a result of an optimal and proven full-scale desalination process and in particular of efficient inhibitor application. The accuracy of the inhibitor efficiency calculations is to within 5%.
